Introduction
Soil moisture content is one of the most important factors when considering deploying ground based machines in forest stands. Negative effects, mostly caused by inadequate selection of forest harvesting technology or machines, show in rutting and subsequent forest harvesting erosion (Ferenčík, 2011a; Ferenčík, 2011b) . When using ground based forest harvesting machines, the machine presses its tyres into the soil surface and creates ruts. Their depth and width depends on the type of tyre, the weight of the load and the machine itself, the moisture content of soil, the state of soil surface and the number of passages (Gerasimov & Katarov, 2010) . The disturbance of soil profile is usually defined as mixing or removal of the humus layer or the soil itself. This causes change of soil's physical, chemical and biological properties (Flinn & Bales, 1990) . Disturbance of the soil profi le causes change of soil's bulk density, which affects the soil characteristics (Rab, 1994) , reduces and redistributes the organic material (Anderson et al., 1992; Ryan et al., 1992) , modifi es the macroporosity and hydraulic conductivity of soil (Rab, 1994) . Loss of top soil horizons can therefore reduce tree growth (Farrish, 1990) . Minimizing forest harvesting erosion is vital for keeping stable ecosystems. For an effi cient prevention, it is necessary to restrict the uncontrolled machine traffi c in forest stands by using preventive methods (Sklenar, 2008) .
All operations connected with forest harvesting cause disturbances to the top layer of soil (Nemestothy, 2009) . To be able to manage forests in a sustainable way, it is necessary to ensure long-term protection of forest soils (Uhl et al., 2003) . Soil moisture content has substantial effects on soil's carrying capacity (Poršinsky et al., 2006) . Rab et al. (2005) found that the critical moisture content, at which maximal compaction occurs, is in a range of 39 to 49.2% for top soil horizons and in a range of 24 to 48.5% for lower horizons. In general, forest harvesting frequently takes place in unsuitable climatic conditions. The seasonal effects and climatic phenomena (precipitation, temperature, and underground water levels) affect soil moisture content, thus affecting its carrying capacity (Šušnjar et al., 2006) .
To ensure minimization of top soil layer disturbance during the forest harvesting it is necessary to accurately measure the moisture content of soil as a factor, which signifi cantly affects the susceptibility of soil to such disturbance, and only after evaluating the moisture conditions make the decision about deploying ground based machinery in the forest stands. In order to make a justifi ed decision, the forest managers need to accurately measure the soil moisture content.
There are several methods of measuring soil moisture content. The standard method is gravimetric sampling, which requires having information on the weight of the sample before and after drying and subsequent calculation of moisture content (Kaleita et al., 2005; Cosh et al., 2005) .
One of the possibilities is to use the impedance method. This method requires use of specifi c equipment capable of measuring the soil impedance -impedance probes attached to a computational unit, e.g. penetrometer. The impedance probe measures volumetric soil moisture content, by responding to changes in apparent dielectric constant of moist soil (Roth et al., 1992) . Processing unit converts the changes in the dielectric constant (in mV) to moisture content through formula (1), because it was found by Whalley (1993) and White et al. (1994) that soil moisture content is proportional to the refractive index of the soil. To be able to compute the soil moisture content precisely, the parameters of the regression line have to be calculated from calibration on gravimetric samples.
√ε -dielectric constant, a 0 -coeffi cient for dry soil, a 1 -coeffi cient for moist soil, θ -moisture content of soil.
Several other formulas exist for calculation of soil moisture content from the soil impedance (Fares et al., 2011) . Using this method is popular, because the measurements are easy to carry out and the results are available instantaneously and in digital form.
Our goal was to identify whether using the impedance method would be a suitable substitute for the gravimetric sampling method. The aim was to determine whether there are any differences between the moisture content measured by gravimetric sampling and by the impedance probes, calibrated according to the manufacturer's specifi cations. If there are any differences between the results obtained by __ each method, we wanted to fi nd whether the size of these differences is negligible or the impedance probes need to be calibrated further. We determined the significance of possible inaccuracies of the impedance method by statistically evaluating the results provided by individual methods on rendzinas and cambisols. Measuring soil moisture content accurately is vital for the forest managers, because even a slight difference between the measured soil moisture content and actual soil moisture content can have massive negative impacts on the ecosystem. These negative impacts can occur when the soil moisture content is near the Atterberg plasticity limits, which determine the threshold of solid/plastic state of soil. If the decision about harvesting in these conditions is based on an inaccurate measurement of soil moisture content, the forest harvesting machines would cause irreparable damage to forest soils (plastic deformation) and their passages would result in the formation of deep ruts, rendering subsequent activities ineffi cient and in numerous cases infeasible (Sever & Horvat, 1981) . Gravimetric sampling is considered the most accurate method currently used in moisture content determination. However, conducting a survey using the gravimetric sampling method whenever the forest managers are uncertain about deploying ground based machines in the forest stands would be labour intensive, time consuming, costly, and it would not be effective, because moisture content is a dynamic process and it takes more than 24 hours to obtain results from gravimetric sampling, rendering them obsolete in many cases. It would be easier if forest managers used a different, but suffi ciently accurate method, for example the impedance method.
Material and Methods

Study area
The study was conducted in three stands in Slovakia and the Czech Republic. The total area of the stands was 21.13 ha (211,300 m 2 ). Detailed characteristics of the forest stands are shown in Table 1 . Both tracked and wheeled cut-to-length (CTL) machines operated in the stands. Slovak National Forestry Centre provided a GIS database, which enabled us to identify the soil types in the individual forest stands and the geographical coordinates of the forest stands.
Stands no. 187c20 and 188 had similar natural conditions, rendzina soils, and were a part of the same forest district. In both cases, the harvesting squad carried out a thinning. Stand no. 805j13 was situated in forest district Konopište (Czech Republic) and the soil type was cambisol. The harvesting squad carried out a clear cut in this stand.
Data collection
An Eijkelkamp Penetrologger penetrometer, equipped with an impedance probe (Theta Probe) (Manufacturer: Eijkelkamp Agrisearch Equipment, Netherlands; purchased from: Ekotechnika, s.r.o., Czech Republic, year of purchase: 2010) was used to conduct the soil impedance measurements throughout the study. Technical specifi cation of the Theta probe is shown in Table 2 . The probes were calibrated according to the specifi cations of the manufacturer. The calibration process is available in Appendix 1 of the Eijkelkamp ML3 ThetaProbe user manual (Eijkelkamp, 2013) . A soil sample from each stand was collected prior to main measurements to provide calibration data. Before we inserted the impedance probe into the soil we removed the litter from the surface, as this would affect the outcome of the measurements. The impedance probe was inserted into the soil vertically, so that the whole prongs were covered by soil (approximately 6 cm deep). The voltage measurement was recorded, the probe was removed and a soil sample was taken from a nearby spot.
Kopecky cylinders are standard instruments used for soil sampling. The set consists of multiple sealable sampling cylinders , length 50 mm, outer diameter 53 mm), cylinder holder and a carrying case. Before taking the sample the cylinder was inserted into the holder. The cylinder was then pressed into the soil, until it was fi lled with soil. The gravimetric samples were not taken from the same place where the impedance measurements were carried out, as this would affect the gravimetric sampling measurements. The soil samples were taken near the place of the soil impedance measurements (approximately 5-10 cm away from the place of the soil impedance measurement). Subsequently the cylinders were hermetically sealed and taken to the laboratory for further analyses. Raw samples were weighed on laboratory scales with resolution of 10 mg, placed into a laboratory drier, and dried for 24 hours at 105 °C. After drying the samples were weighed again and from the weight difference of the samples the moisture content was calculated. The following formula was used (Hraško et al., 1962) :
θ (%) -volumetric moisture content, a (g) -weight of raw soil sample, b (g) -weight of dried soil sample, V (cm 3 ) -volume of the sampling cylinder.
We used both methods at every measurement location.
The gravimetric sampling and impedance measurements were carried out in sample plots established across the stand based on the requirements of statistical sampling and the variability of the natural conditions in the stands (Scheer, 2010) . In general the area of the sample plots was 10% of the total area of the stand in stands up to 50,000 m 2 . In stands larger than 50,000 m 2 , the area of the sample plots was 5% of the total area of the stand (Lukáč, 2005) . The sample plots were located on skid trails disturbed by the machine traffi c. The dimensions of the sample plots were 20 x 20 m. The sample plots were selected primarily because besides soil disturbance, we also studied the damage to the remaining stand (not the subject of this paper).
The following equation was used to calculate the sample size (Šmelko, 2007) :
i% -sampling intensity, n × p -dimensions of all sample plots (m 2 ), P -dimensions of the stand (m 2 ).
The following equation was used to determine the spacing between the individual sample plots (Šmelko, 2007) :
s -spacing between sample plots, P -stand area (m 2 ), n -number of sample plots.
The measurement locations for soil disturbance were positioned on two opposing sides of each plot, and were located on the skid trail. The measurement locations were: (i) in the ruts of the skid trail (one side); (ii) the centre of the skid trail (between the individual ruts); (iii) the undisturbed stand (control measurements). This allowed collection of two sets of material on one sample plot and a total of six samples for each method. In stand no. 805j13 a clear cut was carried out, rendering establishing sample plots unnecessary. In this stand the moisture content was measured on measurement sites positioned on the skid trails with spacing of 5 m (Schürger, 2012) . The measurement locations were the same as for the sample plot method, i.e. ruts, centre and undisturbed stand. The total number of measurements was 138 for each method. The STATISTICA 10 program was used to process the data. Univariate analysis of variance (Oneway ANOVA) analysis served to evaluate the differences between results provided by both methods. The number of samples was the same for both measurement methods, thus we used the Tukey's HSD test to evaluate, which data groups contributed to rejecting the hypothesis of equality of moisture contents provided by the gravimetric sampling and impedance methods. Linear regression and correlation analysis was used to identify whether there is a relationship between the results obtained from gravimetric sampling and the soil impedance methods.
Results
We conducted statistical analyses on the data from individual stands. ANOVA proved the size of differences of data provided by individual methods was statistically signifi cant in stands no. 187c20 and 805j13 (Table 3) . In stand no. 187c20, the soil moisture content measured by the gravimetric sampling was higher than moisture content measured through the impedance method (Figure 1 ). In the ruts, both methods showed increased moisture content. The greatest difference between data from individual methods was 20.23% in the rut location (Figure 2) . In stand no. 805j13, the size of difference of soil moisture content observed by individual methods was smaller. Due to the smaller size of
Comparison of the gravimetric sampling and impedance methods for measuring soil moisture content the statistical sample, the effect of variability of data was more infl uential ( Figure 3 ). The maximal difference between data from individual methods was 8.10% in the ruts of the skid trail (Figure 2) . In stand no. 188, the differences of data provided by individual methods were statistically insignificant (Figure 4 ). The maximal moisture content (54.90%) and moisture content difference were measured in the ruts of the skid trail (Figure 2 ). Detailed results obtained by using gravimetric sampling and the impedance methods are shown in Table 4 . The mean moisture content recorded with the impedance probes was 22.48% (Stan dard deviation -SD: 10.74%). The mean moisture content provided by the gravimetric sampling method was 28.88% (SD: 10.88%). In the undisturbed stand, the mean moisture content measured with the impedance probes was 16.76% and 22.77% when measured by gravimetric sampling. In the ruts, the average moisture content recorded with the impedance probes was 30.28% and 36.44% when calculated from the soil samples. In the centre of the skid trail, the mean moisture content recorded by the impedance probes was 20.41%. The moisture content calculated from the soil samples was 27.44%.
The difference between results provided by individual methods was 7.43% overall, which was caused mainly by combining the dissimilar data from individual stands. When looking at the size of differences of data provided by the gravimetric sampling method and the impedance method, greater differences show in stands no. 187c20 (8.57%) and 188 (8.53%) and smaller differences show in stand no. 805j13 (3.39%). The smaller size of differences of data provided by the compared methods in stand no. 805j13 could be caused by the height of pile of harvesting debris on the skid trail.
Overall the lower moisture content was observed on data from the impedance method than was observed when using the gravimetric sampling method, with the exception of data from ruts. The soil impedance data also showed greater variability, with SD almost twice as high as SD of the gravimetric data.
The results of the Tukey's HSD test showed that in stand no. 187c20 all relevant pairs of data were signifi cantly different. In all measurement places (undisturbed stand, rut, and centre of the skid trail), the impedance method provided signifi cantly different results than gravimetric sampling. In stand no. 805j13, we found that only measurements in ruts showed signifi cant differences. In stand no. 188, none of the relevant pairs of data were signifi cantly different. Table 5 shows the results of the Tukey's test. Linear regression and correlation analysis performed on data from all forest stands combined showed a strong relationship between the results obtained from gravimetric sampling and soil impedance methods (R: 0.85; R 2 : 0.72; p < 0.00).
Discussion
Cosh et al. (2005) found that the impedance probes calibrated according to the manufacturer's instructions have an error of ± 5% of the volumetric soil moisture. Field specifi c calibration reduced the error to less than 4%. Gaskin & Miller (1996) and Miller et al. (1997) reported similar results. Their results regarding the error of impedance probes correspond with our fi ndings. Although the coeffi cient of correlation was high, and the relationship between results obtained from both methods correlate strongly, the size of differences between results provided by both methods in this study was about 7.43% on average ( Figure 5 ). The impedance method provided signifi cantly different results at least in conditions mentioned in this paper (soil type rendzina and cambisol). General calibration procedure provided by the manufacturer of the impedance probes used in this study did not refi ne the accuracy of the impedance probes suffi ciently and other ways of calibrating the probes would be necessary, if the results were to be accurate. The Literature on this topic is sparse, but there are authors who developed site-specifi c calibration protocols, some of which are applicable for use in the fi eld. Most of the calibration protocols are based on calibration through regression with the data from numerous gravimetric samples (Tsegaye et al., 2004; Hornbuckle & England, 2004) . The calibration procedure can be also adapted from calibration of capacitance probes (Morgan et al., 1999; Geesing et al., 2004; Kelleners et al., 2004) and Time-domain refl ectometry (TDR) probes (Walker et al., 2004) . Kaleita et al. (2005) recommends calibrating the impedance probes on at least 20 soil samples.
Conclusions
This paper is based on comparison of two most used methods for determining the moisture content of soils -gravimetric sampling and impedance methods. The study was conducted in three forest stands, from which soil samples were taken into Kopecky cylinders and soil impedance was measured through Theta probes attached to the Eijkelkamp Penetrologger penetrometer. The data was then statistically evaluated through the ANOVA analysis and the Tukey's HSD test. The results of the analyses showed that statistically signifi cant differences between individual methods appear in two out of three stands considered. In one stand, the differences between data provided by the individual methods were not signifi cant. The calibration procedure provided by the producer of the Theta probes did not suffi ciently refi ne the accuracy of the impedance method in some soil types. That is the reason why the impedance probes have to be calibrated for specifi c conditions of individual stands. During the study, variability of soil conditions was not considered. In stand no. 805j13, the presence of harvesting debris was not considered.
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